Background: Follistatin-like 1 (FSTL1) is a novel profibrogenic factor that induces pulmonary fibrosis (PF) through the transforming growth factor-beta 1 (TGF-β1)/Smad signaling. Little is known about its effects on PF through the non-Smad signaling, like the mitogen-activated protein kinase (MAPK) pathway. Therefore, this study aimed to investigate the role of FSTL1 in PF through the MAPK signaling pathway and its mechanisms in lung fibrogenesis.
IntroductIon
Idiopathic pulmonary fibrosis (IPF) is a severe chronic lung disease with progressive interstitial fibrosis, high mortality, and morbidity occurring mainly in older adults; it is a devastating disease, with poor therapeutic effect and a mean survival time of 2-3 years after diagnosis. [1] [2] [3] The hallmark of IPF is the formation of fibroblast foci and the accumulation of extracellular matrix (ECM), resulting in irreversible alteration of pulmonary architecture and ultimately leading to respiratory failure. [4] [5] [6] The effector cells in pulmonary fibrosis (PF) are the myofibroblasts, differentiated fibroblasts, which have contractile properties similar to smooth muscle cells and characterized by the presence of alpha-smooth muscle actin (α-SMA). Unlike normal lung tissue repair, where fibroblast proliferation is self-limited, PF is characterized by uncontrolled proliferation and migration/invasion of the myofibroblasts and sustained accumulation of ECM. [7] Distinct phenotypic alterations of the fibroblasts, combined with aberrant ECM production, contribute to the development of PF. [8] Despite intensive studies, reduplicative epithelial injury along with unremitting ECM deposition seems to involve partly in lung fibrogenesis; however, the precise molecular mechanisms that modulate these processes remain elusive.
Although many elements have been proposed to be involved in the development of PF, it is generally agreed that transforming growth factor-beta (TGF-β) plays a central role in this disease, acting as a crucial profibrotic cytokine that induces fibroblasts differentiation, proliferation, migration, and ECM deposition. [9] [10] [11] However, the mechanisms through which TGF-β1 regulates lung fibrogenesis remain mostly unclear. Both Smad-dependent and Smad-independent signaling pathways induced by TGF-β1 are involved in PF. Specifically, the mitogen-activated protein kinases (MAPKs), the main noncanonical TGF-β1 signaling pathway, including the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 signaling, has been implicated in the development of PF.
[11 -16] Follistatin-like 1 (FSTL1) is a secreted extracellular glycoprotein that was first isolated in a differential screening for TGF-β1-inducible genes in the MC3T3-E1 murine osteoblastic cell line. [17] Its functions and mechanism of action are not known. Previous studies have shown that FSTL1 is increased in response to bleomycin-or silica-induced lung injuries and causes pulmonary fibrogenesis; additionally, haplodeletion of Fstl1 or blockage of FSTL1 with neutralizing antibodies in mice reduced fibrosis in vivo. [18, 19] These findings indicated that FSTL1 promotes epithelialmesenchymal communication and subsequent fibroblast activation through facilitating the TGF-β1/Smad signaling. Although many studies have focused on the role of MAPKs in inflammatory lung diseases, the role of FSTL1 on the TGF-β1/MAPK signaling in lung fibrosis has not been demonstrated. Thus, the aim of this study was to investigate the possible effect of FSTL1 on fibroblasts activation, differentiation, proliferation, migration, and invasion through the TGF-β1/MAPK signaling in PF.
Methods

Ethical statement
All animal protocols were approved by the Institutional Animal Care and Use Committee of Capital Medical University and complied with the Regulations for the Management of Laboratory Animals announced by the Ministry of Science and Technology of the People's Republic of China.
Mice and bleomycin mouse model
All mice were housed and bred in a pathogen-free facility in Nankai University (Tianjin, China). The generation of Fstl1 +/− mice has been previously described. [20] The mice have been crossed onto the C57BL/6 background for at least 12 generations before use. C57BL/6 mice (6-8 weeks old) were purchased from Vital River Laboratories (Beijing, China). For the bleomycin mouse model, 2 U/kg bleomycin (Nippon Kayaku Co Ltd., Tokyo, Japan) in 20-25 µl phosphate-buffered saline (PBS) was administrated intratracheally using a 1 ml syringe with a 25 G needle inserted between the cartilaginous rings of the trachea. Mice were sacrificed 7 or 14 days after bleomycin administration; the left lungs were then excised for histological analysis, while the right lungs were homogenized for hydroxyproline assays and Western blotting analysis.
Histology
The left lungs were washed to eliminate blood residues and dilated with 0.4 ml of 10% formalin after the trachea was cannulated. The lungs were fixed overnight and then embedded in paraffin. To evaluate the extent of fibrosis, the sections were stained with hematoxylin and eosin and photographed with an Olympus BX53 microscope digital camera system (Tokyo, Japan) at a magnification of ×100; a total of ten random fields per sample were scored.
Western blotting analysis
The proteins were extracted from cells or tissue, and Western blotting was performed as previously described. [21] Equal amounts of proteins were separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA). Membranes were blocked in 5% nonfat dry milk for 1 h, followed by incubation with primary antibodies against FSTL1 (1:500 dilution, Santa Cruz Biotechnology, CA, USA), Collagen I (1:200 dilution, Abcam, Cambridge, UK), β-tubulin (1:1,000 dilution, Abcam, Cambridge, UK), phosphorylated (p)-p38, p38, p-ERK, ERK, p-JNK, and JNK (1:200 dilution, Cell Signaling Technology, MA, USA), α-SMA (1:500 dilution, Sigma-Aldrich, St. Louis, MO, USA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:3,000 dilution, Sigma-Aldrich, St. Louis, MO, USA) overnight at 4°C. The protein bands were visualized using the LI-COR Odyssey infrared double-fluorescence imaging system (LI-COR, Lincoln, NE, USA). The value of the relative density of each target protein band was normalized to the density of the corresponding β-tubulin or GAPDH band.
Hydroxyproline assay
The collagen content in right lungs was measured with the conventional hydroxyproline method. [22] The right lungs were dried at 120°C overnight and then acid-hydrolyzed in sealed, oxygen-purged glass ampules containing 3 ml HCl at 120°C for 16 h. Samples were filtered through a 5.0 µm syringe-driven filter, and the pH was then adjusted to 6.5-8.0 using NaOH.
Primary pulmonary fibroblasts isolation and culture
Primary pulmonary fibroblasts isolated from the bleomycin-treated mice were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, ScienCell Research Laboratories, Carlsbad, CA, USA) and 100 U/ml of penicillin and 100 mg/ml of streptomycin in 21% O 2 /5% CO 2 at 37°C in a humidified atmosphere as described previously. [23] Newly isolated lung fibroblasts cultured 24 h on cover slides were used for immunofluorescence staining. Primary cells at passages 3-4 were used for myofibroblast activation and ECM production assays.
Cell line culture
Mouse lung fibroblast cells (MLgs) obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) were cultured in DMEM supplemented with 10% FBS and antibiotics in 5% CO 2 at 37°C in a humidified atmosphere.
Quantitative polymerase chain reaction analysis
Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA, USA), purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany) and the DNA-free kit (Ambion, Austin, TX, USA) according to the manufacture's protocol, and quantified using a NanoDrop 2000c (Thermo Scientific, Waltham, MA, USA). The Fstl1 mRNA in mice was quantified using a SYBR ® Green Master Mix Kit (Roche Applied Science, Basel, Switzerland). Gene expression was measured relative to the internal reference gene β-actin using the comparative CT method as previously described. [20] The sequences of the quantitative polymerase chain reaction primers were: Fstl1:
Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde for 30 min, washed with PBS, permeabilized with 0.2% Triton X100 in PBS for 10 min, blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA), and incubated with anti-α-SMA (1:100, Sigma-Aldrich, St. Louis, MO, USA) antibodies overnight at 4°C. Cells were washed and incubated with Alexa Fluor ® 594-conjugated goat anti-mouse IgG (Beijing Zhong Shan-Golden Bridge Biological Technology Company, Beijing, China) for 30 min in the dark. After washing with PBS three times, the slices were mounted with 4',6-diamidino-2-phenylindole (DAPI, Beijing Zhong Shan-Golden Bridge Biological Technology Company, Beijing, China) lysis buffer. Immunofluorescence was observed under a microscope digital camera system (Nikon, Tokyo, Japan).
Cell proliferation
Cell proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Amresco, Solon, OH, USA) assays. MLgs were cultured in 96-well plates for 24 h, and serum starved for 24 h. The cells were preincubated for 1 h with U0126 (ERK inhibitor, Cell Signaling Technology, MA, USA), SB202190 (p38 inhibitor, Cell Signaling Technology, MA, USA), SP600125 (JNK inhibitor, Cell Signaling Technology, MA, USA), and SB525334 (Smad2/3 inhibitor, R and D Systems, MN, USA) before treatment with 5 ng/ml TGF-β1 (R and D Systems, MN, USA) in the presence or absence of 100 ng/ml recombinant human FSTL1 protein (R and D Systems, MN, USA) for 24 h and finally incubated with MTT (final concentration of 0.5 mg/ml) for 4 h. The supernatant was removed, and 150 ml/well of dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) was added to dissolve the blue formazan crystals by shaking the plates for 15 min on an orbital shaker at 25°C. Absorbance at 490 nm was read on a microplate reader (Bio-Rad, Hercules, CA, USA).
Cell migration and invasion
Cell migration assays were performed using 8.0 µm pore transwell chambers (Millipore, Billerica, MA, USA). Cells were treated with 5 ng/ml TGF-β1 or 100 ng/ml FSTL1 protein for 24 h and seeded in the upper chamber of the transwells (1 × 10 5 cells/chamber). FBS-containing DMEM medium was placed in the bottom chambers and used as a chemoattractant. After incubation for 6 h at 37°C, the cells that had migrated through the 8.0 µm membrane pore were counted. Specifically, the upper surface of membrane was swabbed with a cotton swab to remove noninvasive cells and washed with PBS. Invasive cells on the bottom surface were fixed in 4% paraformaldehyde for 30 min and quantified in high-power fields using a microscope digital camera system (Nikon, Tokyo, Japan), after staining the nuclei with DAPI. Invasion assays were performed using similar procedures, coating the transwell chambers with 50 µl of Matrigel (BD Biosciences, San Jose, CA, USA), and allowing it to solidify for 30 min at 37°C before performing the assay.
Statistical analysis
All data are expressed as a mean ± standard deviation (SD) and analyzed using the GraphPad Prism 5.0 software (La Jolla, CA, USA). The Student's t-test was used to compare the differences between two groups. A value of P < 0.05 was considered statistically significant.
results
Follistatin-like 1 is upregulated in mice with bleomycin-induced pulmonary fibrosis
To determine whether FSTL1 expression is aberrant in progressive lung fibrotic diseases, we induced PF in C57BL/6 mice through bleomycin intratracheal administration. [24] Lung sections showed significant tissue structural damage and inflammatory cell infiltration 14 days after bleomycin injury [ Figure 1a] and concomitant collagen accumulation in lung tissues as determined by hydroxyproline content measurement [ Figure 1b] . Next, we investigated the change in FSTL1 levels in PF and found that it was significantly increased 14 days after bleomycin injury, both in mRNA level (2.44 ± 0.33 vs. 0.98 ± 0.02, t = 3.45, P = 0.0400; Figure  1c ) and protein expression in lung tissues (1.19 ± 0.03 vs. 0.62 ± 0.02, t = 16.51, P = 0.0001; Figure 1d ), compared with control group.
Follistatin-like 1 activates the mitogen-activated protein kinase signaling in primary lung fibroblasts
The MAPK signaling is involved in lung fibrogenesis. To determine whether FSTL1 has an effect on PF through the MAPK signaling, we first examined the activation of the TGF-β1-mediated MAPK signaling in the lungs of Fstl1 +/− mice and their wild-type (WT) littermates 14 days after bleomycin injury. The phosphorylation levels of the ERK, p38, and JNK in lung tissue homogenates were significantly increased in WT lungs (1.22 ± 0.03 vs. 0.44 ± 0.03, t = 18.26, P = 0.0011; 1.15 ± 0.07 vs. 0.65 ± 0.02, t = 7.33, P = 0.0018; and 1.07 ± 0.07 vs. 0.64 ± 0.05, t = 5.01, P = 0.0070; respectively, compared with untreated WT group) and attenuated in Fstl1+/− lungs at day 14, compared with WT lungs at the same time (0.67 ± 0.05 vs. 1.22 ± 0.03, t = 14.92, P = 0.0001; 0.41 ± 0.01 vs. 1.15 ± 0.07, t = 11.19, P = 0.0004; 0.41 ± 0.01 vs. 1.07 ± 0.07, t = 8.92, P = 0.0009; respectively; Figure 2a ). These findings suggest that Fstl1 deficiency attenuates the activation of the MAPK signaling in vivo. We then isolated primary fibroblasts from lungs of Fstl1 +/− mice and their WT littermates 14 days after bleomycin treatment. The fibroblasts were treated with 5 ng/ml TGF-β1 for 30 min, and the TGF-β1-mediated MAPK signaling was measured by Western blotting. In the WT group, the phosphorylation levels of ERK, p38, and JNK were significantly increased after TGF-β1 stimulation (1.01 ± 0.04 vs. 0.85 ± 0.02, t = 3.31, P = 0.0300; 1.24 ± 0.03 vs. 1.05 ± 0.05, t = 3.52, P = 0.0200; and 0.99 ± 0.05 vs. 0.75 ± 0.01, t = 5.03, P = 0.0070; respectively), compared with untreated WT group, while in Fstl1 +/-lung fibroblasts, the phosphorylation levels of ERK, p38, and JNK showed significantly decreased (0.82 ± 0.01 vs. 1.01 ± 0.04, t = 4.06, P = 0.0150; 1.04 ± 0.03 vs. 1.24 ± 0.03, t = 4.44, P = 0.0100; and 0.76 ± 0.05 vs. 0.99 ± 0.05, t = 4.48, P = 0.0100; respectively), compared with TGF-β1-stimulated WT group [ Figure 2b] . We then performed gain of function experiments by administering recombinant human FSTL1 protein to primary lung fibroblasts. Recombinant human FSTL1 protein increased the TGF-β1-mediated phosphorylation levels of ERK (1.19 ± 0.08 vs. 0.55 ± 0.04, t = 6.99, P = 0.0020), p38 (1.18 ± 0.04 vs. 0.66 ± 0.03, t = 11.2, P = 0.0020), and JNK (1.11 ± 0.01 vs. 0.84 ± 0.04, t = 6.53, P = 0.0030), compared with the TGF-β1-stimulated WT group [ Figure 2c ]. These data suggest that FSTL1 modulates the activation of the MAPK signaling in primary lung fibroblasts.
Follistatin-like 1 facilitates transforming growth factor-beta 1-induced fibroblast activation by modulating the transforming growth factor beta 1/p38/Jun N-terminal kinase signaling
To determine the molecular mechanisms through which FSTL1 promotes the TGF-β1/MAPK signaling pathway described above, we isolated primary lung fibroblasts from Fstl1 +/− and their WT littermates to investigate the expression of α-SMA, myofibroblast markers, which indicate lung fibroblast activation and myofibroblast differentiation. Primary lung fibroblasts were pretreated with 5 ng/ml TGF-β1 for 24 h. Immunofluorescence staining and Western blotting results showed that TGF-β1 treatment promoted the expression of α-SMA (1.76 ± 0.02 vs. 1.28 ± 0.11, t = 4.390, P = 0.0046) and the secretion of type I collagen in the untreated WT group, while Fstl1-deficient fibroblasts showed reduced α-SMA expression in both groups (0.70 ± 0.06 vs. 1.28 ± 0.11, t = 4.650, P = 0.0035, compared with the untreated WT group; 1.40 ± 0.05 vs. 1.76 ± 0.02, t = 6.310, P = 0.0007, compared with the TGF-β1-treated WT group) and type I collagen production [ Figure 3a and 3b]. These results suggest a positive correlation between FSTL1 and TGF-β1-induced myofibroblast differentiation and subsequent ECM accumulation. Therefore, to further examine whether these signaling pathways were involved in TGF-β1-induced fibroblast activation and ECM production, we used selective chemical inhibitors of MAPK signaling. MLgs were pretreated with DMSO and 10 µmm/L U0126 (ERK inhibitor), SB202190 (p38 inhibitor), or SP600125 (JNK inhibitor) for 1 h and then treated with 5 ng/ml TGF-β1 and/or 100 ng/ml FSTL1 protein for 24 h. The TGF-β1/FSTL1-mediated α-SMA expression and type I collagen production were significantly suppressed by pre-treatment with SB202190 (0.73 ± 0.01 vs. 1.13 ± 0.10, t = 3.92, P = 0.0078) and SP600125 (0.78 ± 0.03 vs. 1.08 ± 0.06, t = 4.40, P = 0.0046), compared with the corresponding condition in the DMSO group, while, surprisingly, pretreatment with U0126 did not have a significant effect (P > 0.05; Figure 3c -3e). These data suggest that the TGF-β1/p38/JNK signaling is involved in the regulation of FSTL1 on promoting fibroblasts' differentiation and ECM production. 
dIscussIon
IPF is a chronic, fatal lung disease of unknown etiology that has few treatment options. Myofibroblasts, the primary collagen-producing cells, are the key effectors of fibrosis. Among various mediators, TGF-β1 is the key cytokine regulating the activation and differentiation of myofibroblasts. Recently, FSTL1 has been identified as a novel profibrotic factor that promotes the differentiation of myofibroblasts and consequent PF by positively regulating the TGF-β1/Smad2/3 pathway. In this study, we investigated whether FSTL1 promotes the aggressive behaviors of myofibroblasts through the TGF-β1/Smad-independent signaling. We found that knockdown of Fstl1 attenuated the TGF-β1-induced phosphorylation of components of the MAPK signaling, while recombinant human FSTL1 protein had opposite effects. Moreover, we found that, in fibroblasts, FSTL1 regulated the proliferation, migration, and invasion induced by TGF-β1 though the p38, JNK, and Smad2/3 signaling but not through the ERK signaling. These results demonstrate that FSTL1 is a novel regulator of fibroblasts, partly through the MAPK and Smad signaling, which plays an important role in the pathogenesis of IPF.
TGF-β1 plays a key role in PF, and both its downstream Smad-dependent and Smad-independent signaling pathways have been reported to be involved in PF. A previous study has shown that decreased levels of FSTL1 are associated with the attenuation of bleomycin-induced fibrosis, with limited expansion of the fibroblast foci because of the decreased accumulation and activation of myofibroblasts and reduced Smad2/3 phosphorylation. The same study demonstrated that selective blockade of Smad2/3 phosphorylation decreased the expression of fibroblast activation markers. [18] Another research has shown that FSTL1 is upregulated through the expression of the microRNA miR-21 after paraquat challenge, resulting in increased Smad2/3 and p38 phosphorylation and progressive paraquat-induced PF. [25] A recent study has demonstrated that knockdown of Fstl1 inhibits oxLDL-induced inflammation responses through the MAPK pathway. [26] Consistently, our results demonstrated that MAPK signaling pathways were activated in the lungs of bleomycin-treated mice. In primary lung fibroblasts, depletion of Fstl1 attenuated p38, JNK, and ERK phosphorylation, while administration of recombinant human FSTL1 protein had opposite effects. Therefore, FSTL1 facilitates the function of TGF-β1 in activating MAPK signaling.
Yoshida et al. [27] found that, in lung tissue of patients with IPF, the levels of activated ERK in epithelial and endothelial cells, but not in fibroblasts or smooth muscle cells, decreased; at the same time, activated JNK and p38 in epithelial and endothelial cells and in fibroblasts, were increased, accompanied by the progression of fibrosis, suggesting that the activation of ERK, p38, and JNK plays a role in a cell-type specific way. The function of these three signaling pathways in cell cycle or other processes in the same cell type may be different. In PF, FSTL1 regulates fibroblast differentiation, proliferation, migration, and invasion partly through the MAPK signaling. On the other hand, novel research indicates that PF might be considered a cancer-like disorder. [28] In addition, several studies have shown that the MAPK pathways play a role in lung cancer, [29, 30] and that activating mutations in RAS are found in approximately 30% of human cancer.
[31] Thus, we cannot exclude the presence of mutant RAS in IPF fibroblasts, which results in the aberrant activation of ERK. Phosphorylated ERK activates a series of transcription factors including Elk-1, SAP-1α, and C-Myc, regulating the expression of genes involved in growth, differentiation, and mitosis. [32] Our data demonstrated that, although FSTL1 can modulate the phosphorylation of ERK, activated ERK has no effect on fibroblast differentiation, proliferation, migration, and invasion. Therefore, we speculate that FSTL1 can regulate the TGF-β1-induced phosphorylation of ERK but cannot further activate ERK-related transcription factors. However, further investigation is needed to verify this assumption. Although the basic framework of the TGF-β1/MAPK pathway is well characterized, its precise and complex regulatory mechanism remains to be further studied.
The main limitation of this study is the lack of clinical samples to further verify the phenomenon we observed in animals. Another limitation is that we only tested the MAPK signaling pathway; however, the non-Smad signaling also includes the Rho-like GTPase and phosphatidylinositol-3-kinase/AKT pathways. Therefore, to fully understand the mechanism of FSTL1 on PF, we need further clarification in this regard.
In summary, we have shown that FSTL1 is a profibrotic protein: it can promote fibroblasts differentiation, proliferation, migration, and invasion through TGF-β1-induced p38, 
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